INTRODUCTION
Costal cartilage, a type of hyaline cartilage, connects each of ribs 1-5 to the sternum and ribs 6-10, which are fused, to the sternum as the costal margin. They remain cartilaginous throughout life and provide both strength and flexibility to the chest wall. Disorders of the chest wall can cause significant disfigurement with associated cardiac, pulmonary, and psychological manifestations and are classified as sunken chest (pectus excavatum, PE) or pigeon chest (pectus carinatum, PC) [1] . The costal cartilages of these patients are described as abnormally grown and weak. Disorders of costal cartilage are common, affecting approximately 1/400-1/1,000 individuals, show complex inheritance patterns in families, and affect primarily males (M4:F1) [2, 3, 4, 5] . Chest wall deformities are phenotypically variable and surgical repair outcomes can be unpredictable. The basic molecular characteristics that define a healthy human costal cartilage are largely unknown, and a lack of understanding of the ultrastructural and molecular biology of costal cartilage is a major confounder in predicting outcomes and causes chest wall deformities.
Recent work [6] described a decrease in the biomechanical stability of costal cartilage in pectus excavatum patients and suggested a disorderly arrangement and distribution of collagen fibers. Other authors have suggested that atypical collagen fibers may be implicated in chest wall deformities [7, 8] . The arrangement of collagen fibers in costal cartilage has not been described in detail; however, highly ordered fiber formation was described [9] in the surrounding perichondrium. Growth of human costal cartilage chondrocytes in vitro shows high levels of COL2A1 and ACAN expression and low levels of COL1A1 at low culture passage, typical of a differentiated cell [10] . Differences in the variable number of tandem repeat units of chondroitin sulphate attachment sites were observed in ACAN with significantly more repeats (27) being present in patients with chest wall deformities [11] .
TGFβ1 signaling plays a key role in cartilage growth and ECM turnover. Cells are extremely sensitive to levels of TGFβ1 and, therefore, regulation of this growth factor is important in normal growth and development. Genes activated via TGFβ pathways include SOX9, a major transcription factor of chondrocyte differentiation and regulator of ACAN and COL2A1 expression. In addition, TIMP1, a regulator of the matrix metalloproteinase's (MMP 8 and 13), is positively regulated by the TGFβ1 pathway [12] .
Small leucine-rich proteoglycans (SLRPs) are small proteoglycans that are highly expressed in cartilage. Regulation of collagen fibrillogenesis is an important function shared by many SLRPs, and null mutations have been shown to lead to abnormal collagen architecture in mice [13] . Additionally, SLRPs mediate cell metabolism by binding to growth factors, including members of the superfamily TGFβ1 [14] . The causes of PE and PC are unknown; however, SLRPs can regulate ECM growth and fibrillogenesis by controlling TGFβ availability, suggesting a mechanistic role for SLRPs in these disorders. Biglycan deficiency has been shown to cause spontaneous aortic dissection and rupture in mice [15] , and is also a characteristic of Marfan syndrome, a syndrome known to exhibit chest wall deformities. Decorin function is consistent with functions related to fibrillogenesis [16, 17] . A critical concept of SLRP function is compensation of one SLRP function over another. In the absence of biglycan, decorin is up-regulated and, therefore, differences in gene expression ratios may be apparent. Our central hypothesis is that abnormal expression of BGN and DCN will be observed in patients with chest wall deformities.
A thorough knowledge on the expression patterns of genes responsible for chondrogenesis in costal cartilage would provide insights into the role of these proteins in chest wall deformities and offer a biological rationale for the variability observed in outcome of surgery [18, 19, 20] . The objective of this study was to identify ultrastructural morphology and protein localization, investigate relative levels of expression of key genes required for chondrogenesis, and compare changes in normal costal cartilage and chest wall deformity.
MATERIALS AND METHODS

Subjects
Human costal cartilage was obtained from 4 patients with pectus carinatum severe enough to warrant surgical repair. Informed consent was obtained following IRB approval of the protocol at Eastern Virginia Medical School. The IRB protocol currently prevents disclosure of many clinical features, and thus close correlation of clinical 
Ultrastructural analysis
Scanning electron microscopy (SEM) is a well-described technique employed for ultrastructural studies of cells and tissues. Cartilage, samples were cut into small sections approximately 3mm thick, washed three times in Sorenson's buffer and digested at 37 o C for 48 hours in trypsin (1mg/ml) and hyaluronidase (1mg/ml) in Sorenson's buffer [21] .
Samples were washed thoroughly in PBS and fixed in 2.5% glutaraldehyde in phosphate buffered saline for 2.5 hours. Samples were rinsed in deionized water, dehydrated through an ethanol series, dried and mounted on carbon discs, gold sputtered, and examined using a JSM-6060LV SEM (JEOL, Tokyo, Japan) operating at 5 keV to minimize sample damage. Images were captured electronically and fiber measurements made using Image J software.
Atomic Force Microscopy (AFM)
Collagen straws were released from small pieces of tissue by brief homogenization and digestion with 0.1mg/ml hyaluronidase and 0.1mg/ml trypsin in Sorenson's buffer.
Samples were fixed in ice cold acetone and fiber diameters measured using a Nanonics
Multiview-4000 multi-probe AFM.
Immunohistochemistry
Confirmation of aggrecan gene expression and protein distribution were made by immunohistochemistry. Frozen cartilage samples were mounted in CRYO-OCT Compound (Tissue-Tek, CA USA) and sections (5µm) generated using a Microm HM525 cryostat. Sections were fixed in ice-cold acetone. Blocking, incubation with primary and secondary antibodies and washing were performed following manufacturer's guidelines for each antibody. Tissues were incubated with a mouse monoclonal antibody specific for aggrecan (sc-73693, Santa Cruz, Santa Cruz, CA). The antibody was raised against recombinant aggrecan from human origin Negative controls were produced using housekeeping ACTB values for all samples using the delta Ct method.
Statistical Analysis
Statistical analysis was performed using Student t-test to determine significance between sample and control means. For all tests, p < 0.05 indicated the difference as significant. 
Electron Microscopy and AFM
Costal cartilage is a much understudied tissue type, both ultra structurally and genetically.
We provide a first description of these properties in samples of human costal cartilage.
Figures 1a and 1b are representative SEM images of a transverse cross-section of costal cartilage taken from a mid-section. Figure 1a shows a fracture in the cartilage, estimated as the inner-middle zone, exposing collagen fibers of approximately 600nm diameter.
Fibers are assembled into extremely large complexes of many µm (arrowed) that run parallel to the length of the cartilage. Figure 1b is a higher magnification of the boxed area and shows that each fiber forms a nanostraw of approximately 650nm external diameter and 250nm internal lumen diameter. Images of longitudinal sections show a well-defined organization of collagen fibers approximately 20µm diameter and cellular lacunae ( Figure 1c ). We measured the diameters from 150 clearly defined fibers from SEM images ( Table 2 ) and found that most were in the range from 0.1-100 µm. The smallest (<0.1µm) would most-likely represent the collagen fibrils, the midsize (~1µm) would represent the "microtubes" and the largest (~100µm) would be large fascicle-like structures. Cartilage homogenization and digestion released nanostraw fibers and allowed further characterization by AFM. Figure 1d shows an AFM image of branching/splitting fibers with a maximum diameter of approximately 740nm. Clearly, costal cartilage has large fiber dimensions with complex structures formed through finely tuned fibrillogenesis.
Aggrecan immunohistochemistry
Aggrecan deposition from cells appeared to be a function of location. showing that positively charged ions were drawn in to achieve electroneutrality.
Chondrocyte distribution
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Gene expression
Due to the unusual structure of costal cartilage we undertook analysis of gene expression to determine presence of the main constituents of cartilage; collagen type II, and the large aggregating proteoglycan, aggrecan. We also examined other genes that play a role in growth, structure and differentiation of cartilage. BGN, NYX, CACNA1F and TIMP1 were of interest because these genes are located on the human X-chromosome, where affected individuals are predominantly male and possess only a single X-chromosome [2, 3] .
Costal cartilage from individuals with chest wall deformities is described as abnormally grown and weak. Typically, surgical repair takes place during teenage years to early 20's. Phenotypically, there is considerable variation of the clinical condition of PC, reflecting the complex nature and inheritance observed in these families. Variation in gene expression between samples is, therefore, expected; however, it is unknown whether the expression of matrix genes will be affected by surgical procedures. We compared gene expression of 4 patients with pectus carinatum to an age-matched-control. Table 3 shows COL2A1, DCN, ACAN, and TIMP1 are all highly expressed compared to ACTB. The ultrastructural electron microscopy images show that human costal cartilage is unlike other cartilage types. Images appear to show that individual fibers are assembled to collectively form very thick, fascicle structures appearing to consist of large numbers of collagen nanostraws that run parallel along the cartilage length. A similar observation of collagen tubules in juvenile rabbit tibia articular cartilage was reported [27] , but this is the first report in human costal cartilage. The cartilage template of long bones is similar to costal cartilage in that they are both long, thick, rod-like structures and, therefore, although functionally different, ultrastructural similarities may be expected in response to cell maintenance and collagen fiber deposition under these conditions.
The morphological form of costal cartilage and how this relates to function is currently unknown. The presence of straw-like structures may provide strength and a means of gas and nutrient exchange to cells by fluid flow whose movement is dependent upon cartilage movement during breathing. Costal cartilage can be nearly 1cm diameter, outside of the range of diffusion to maintain centrally located cells [28] . Hypoxia or low pH has been shown to act as a trigger for aggrecan and collagen type II production through induction of hypoxia inducible factor 1-α and SOX9, as well as inhibit COL1A1 expression [29, 30] . Similarities with inter vertebral discs are noteworthy. Cells embedded within the centrally located nucleosus pulposus experience hypoxia and express aggrecan under the regulation of the hypoxia induced P13K/AKT signaling pathways via modulation of SOX9 [31] . It appears that as cells become centrally located Few studies have been undertaken on chondrocyte distribution within cartilage, yet cell density and arrangements are considered to be critical to function. Cellular clusters [32] , pairs [33] , and rows [34] , have been reported. A more extensive study [35] in the superficial zone of articular cartilage identified complex patterns that appear to be location specific. A spatial relationship between collagen fiber alignment and cellular organization was suggested [34] , with chondrocytes running parallel to adjacent fibers.
Longitudinally, we also note the presence of lacunae between the large fibrous structures.
The predominance of single and doublets in costal cartilage suggests cells undergo relatively few divisions. The absence of extensive strings and clusters is likely due to the different biomechanical forces experienced by costal cartilage compared to cartilage covering ball and socket joints.
SLRPs play an important role in fibrillogenesis and shape the architecture and mechanical properties of the collagen matrix. SLRP-deficient animals exhibit a wide array of diseases, mostly resulting from abnormal fibrillogenesis [13] . We examined the expression of three SLRPs; DCN and the X-linked genes BGN and NYX. NYX expression was not detected in any samples of costal cartilage and likely does not play a role in chondrogenesis. DCN has a role in modulating cartilage fibril growth, thickness, and orientation. Indeed, DCN deficiency introduces tissue-specific variations in range, mean, and distribution of collagen fibril diameters compared to wild-type. Interestingly, DCN deficiency also leads to random orientation of collagen fibrils in periodontal ligament instead of the usual parallel orientation [36] . Regional variation in localization of proteoglycans decorin, biglycan, and aggrecan has been reported in tendon, with decorin highest in regions of greatest tensile strength [37] . However, tensile strength of costal cartilage appears to reduce as it matures from childhood to teenage/early twenties years [38] , suggesting rearrangement of collagen fibers with age that may be proteoglycan mediated. The highly aligned collagen fibers observed in costal cartilage show similarities to the aligned fibers of tendon. The hierarchical assembly of collagen fibers in tendon is a multistep process leading to the mature tissue [39] . Briefly, collagen fibril intermediates are assembled and undergo linear and lateral growth. Intercalation of fibrils and COL2A1/COL1A1ratios were considerably lower than rabbit articular cartilage also normalized to ACTB [24] suggesting COL2A1 expression may be reduced. Expression levels in costal cartilage are closer to those reported in the nucleus pulposus of lumbar discs than to articular cartilage. Both nucleus pulposus and costal cartilage expression levels likely represent the functional requirements of their respective mechanical loads that are considerably different to that experienced in articular cartilage.
The present study has uncovered a new dimension of complexity that has not previously been reported. The study here describes findings that are generated from samples of costal cartilage that are generally removed at surgery, ribs 6-8. Although the current study has relatively few samples we feel that the overall results indicate that there are several important features unique to costal cartilage. Future work will examine variations along and between different ribs to more closely correlate variations of functions that may occur within the environment of the chest wall. Connective tissue gene arrays will allow analysis of many more genes simultaneously correlated to clinical picture. The etiology of chest wall deformity is complex. Changed growth characteristics of costal cartilage in patients may be a secondary characteristic due to external factors.
Alternatively deformed cartilage may be intrinsic due to the inherited, albeit complex, nature of these disorders. Future work will aim to clarify these discrepancies. Recent work [6] described a decrease in the biomechanical stability of costal cartilage in pectus excavatum patients and suggested a disorderly arrangement and distribution of collagen fibers. Other authors have suggested that atypical collagen fibers may be implicated in chest wall deformities [7, 8] . The arrangement of collagen fibers in costal cartilage has not been described in detail; however, highly ordered fiber formation was described [9] in the surrounding perichondrium. Growth of human costal cartilage chondrocytes in vitro shows high levels of COL2A1 and ACAN expression and low levels of COL1A1 at low culture passage, typical of a differentiated cell [10] . Differences in the variable number of tandem repeat units of chondroitin sulphate attachment sites were observed in ACAN with significantly more repeats (27) being present in patients with chest wall deformities [11] .
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A thorough knowledge on the expression patterns of genes responsible for chondrogenesis in costal cartilage would provide insights into the role of these proteins in chest wall deformities and offer a biological rationale for the variability observed in outcome of surgery [18, 19, 20] . The objective of this study was to identify ultrastructural morphology and protein localization, investigate relative levels of expression of key genes required for chondrogenesis, and compare changes in normal costal cartilage and chest wall deformity. 
MATERIALS AND METHODS
Subjects
Ultrastructural analysis
Atomic Force Microscopy (AFM)
Immunohistochemistry
Confirmation of aggrecan gene expression and protein distribution were made by immunohistochemistry. Frozen cartilage samples were mounted in CRYO-OCT Compound (Tissue-Tek, CA USA) and sections (5µm) generated using a Microm HM525 cryostat. Sections were fixed in ice-cold acetone. Blocking, incubation with primary and secondary antibodies and washing were performed following manufacturer's guidelines for each antibody. Tissues were incubated with a mouse monoclonal antibody specific for aggrecan (sc-73693, Santa Cruz, Santa Cruz, CA). The antibody was raised against recombinant aggrecan from human origin Negative controls were produced using Deleted: , cartilages that fuse and join ribs to the lower sternum as the costal margin 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Chondrocyte distribution
Cartilage consists mainly of proteoglycans and collagens, with chondrocytes sparsely distributed throughout the matrix. We catalogued the distribution pattern of 586 and 999 chondrocytes in transverse sections of costal cartilage from PC3 and Con3 respectively, through an Olympus BX51 microscope, as groups of 1-4+ cells per cluster located interiorly or peripherally. Interior cells were within the strongly expressing aggrecan region, and peripheral cells outside.
Reverse Transcription and Real-Time PCR Analysis
Cartilage was removed from -80 o C and transverse sections cut at approximately 3-5mm on dry ice and placed into RNALater (Qiagen, CA USA). Samples were quickly weighed and approximately 100mg of costal cartilage was ground to a powder with a liquid nitrogen immersed pestle and mortar. RNA was isolated and genomic DNA eliminated by completing RNA extraction using a RNeasy Plus Mini Kit and RT-First Strand Kit (Qiagen, CA USA). All polymerase chain reactions (PCR) were performed on a BioRad CFX96 system in 25µl reactions using SYBR green detection (Qiagen, CA USA). Gene expression by PCR was performed on genes described in Table 1 housekeeping ACTB values for all samples using the delta Ct method.
Statistical Analysis
Statistical analysis was performed using Student t-test to determine significance between sample and control means. For all tests, p < 0.05 indicated the difference as significant.
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RNALater is a proprietary reagent stabilizes RNA and gave repeatable results within the time frame of our experiments. I can separate out the results, but I think this is more of a technical issue that may take away from the main thrust of the paper. 
Electron Microscopy and AFM
Fibers are assembled into extremely large complexes of many µm (arrowed) that run parallel to the length of the cartilage. Table 2 ) and found that most were in the range from 0.1-100 µm. The smallest (<0.1µm) would most-likely represent the collagen fibrils, the midsize (~1µm) would represent the "microtubes" and the largest (~100µm) would be large fascicle-like structures. Cartilage homogenization and digestion released nanostraw fibers and allowed further characterization by AFM. Figure 1d shows an AFM image of branching/splitting fibers with a maximum diameter of approximately 740nm. Clearly, costal cartilage has large fiber dimensions with complex structures formed through finely tuned fibrillogenesis.
Aggrecan immunohistochemistry
Chondrocyte distribution
The organization of chondrocytes in cartilage is not considered to be random, and 
Gene expression
Costal cartilage from individuals with chest wall deformities is described as abnormally grown and weak. Typically, surgical repair takes place during teenage years to early 20's. Phenotypically, there is considerable variation of the clinical condition of PC, reflecting the complex nature and inheritance observed in these families. Variation in gene expression between samples is, therefore, expected; however, it is unknown whether the expression of matrix genes will be affected by surgical procedures. We compared gene expression of 4 patients with pectus carinatum to an age-matched-control. Table 3 shows COL2A1, DCN, ACAN, and TIMP1 are all highly expressed compared to ACTB.
Sample variation was noted, although, as expected, COL2A1 was expressed to the highest level in all samples.
Compared to control, PC1 showed significant reduction in expression of DCN (p<0.001) and TIMP1 (p<0.001). PC3 showed significantly lower expression of COL2A1 (p<0.001) and like PC4, both showed decreased expression of ACAN (p<0.03 and p<0.024, respectively). PC4 also showed significantly higher expression of TIMP1 The ultrastructural electron microscopy images show that human costal cartilage is unlike other cartilage types. Images appear to show that individual fibers are assembled to collectively form very thick, fascicle structures appearing to consist of large numbers of collagen nanostraws that run parallel along the cartilage length. A similar observation of collagen tubules in juvenile rabbit tibia articular cartilage was reported [27] , but this is the first report in human costal cartilage. The cartilage template of long bones is similar to costal cartilage in that they are both long, thick, rod-like structures and, therefore, although functionally different, ultrastructural similarities may be expected in response to cell maintenance and collagen fiber deposition under these conditions.
Alternatively deformed cartilage may be intrinsic due to the inherited, albeit complex, nature of these disorders. Future work will aim to clarify these discrepancies. 
